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valuable information for spinach breeding and germplasm 
management. Also they will be helpful for genome map-
ping and core collection establishment.
Keywords Next generation sequencing · Genomic SSRs · 
Genetic diversity · Microsatellites · Population structure
Introduction
Spinach (Spinacia oleracea L.) is an edible member of the 
Amaranthaceae family and is believed to have originated in 
Persia (modern Iran and neighboring countries) (Boswell 
1949). Spinach arrived in China via Nepal during the sev-
enth century but did not reach Europe until the twelfth cen-
tury (Kuwahara et al. 2014). From there, spinach spread to 
the United States during the nineteenth century (Kuwahara 
et al. 2014). It is currently produced in more than 50 coun-
tries (Kuwahara et  al. 2014), however, 91% of spinach is 
cultivated in China (21 million tons FAO, 2013). The USA 
and Japan rank second and third in production with approx-
imately 300,000 tons each per year.
Spinach is a popular leafy green vegetable due to its 
nutritional composition (Ito 2000). It contains high concen-
trations of vitamins A, E, C, and K; folic acid and oxalic 
acid. A 100  g serving of fresh spinach provides 20% of 
the recommended daily intake of ascorbic acid (vitamin 
C), β-carotene (provitamin A), lutein, folate (vitamin B9), 
phylloquinone (vitamin K1), and α-tocopherol (vitamin E) 
(Lester et al. 2013).
Although spinach is not a model organism, its diploid, 
average-sized genome makes it easy to study. Spinach 
has 12 chromosomes (2n) with an estimated genome size 
of 980  Mb (Arumuganathan and Earle 1991). Unlike 
many model vegetable crops, spinach is cross-pollinated. 
Abstract Spinach is a popular leafy green vegetable due 
to its nutritional composition. It contains high concentra-
tions of vitamins A, E, C, and K, and folic acid. Devel-
opment of genetic markers for spinach is important for 
diversity and breeding studies. In this work, Next Genera-
tion Sequencing (NGS) technology was used to develop 
genomic simple sequence repeat (SSR) markers. After 
cleaning and contig assembly, the sequence encompassed 
2.5% of the 980  Mb spinach genome. The contigs were 
mined for SSRs. A total of 3852 SSRs were detected. Of 
these, 100 primer pairs were tested and 85% were found to 
yield clear, reproducible amplicons. These 85 markers were 
then applied to 48 spinach accessions from worldwide ori-
gins, resulting in 389 alleles with 89% polymorphism. The 
average gene diversity (GD) value of the markers (based on 
a GD calculation that ranges from 0 to 0.5) was 0.25. Our 
results demonstrated that the newly developed SSR markers 
are suitable for assessing genetic diversity and population 
structure of spinach germplasm. The markers also revealed 
clustering of the accessions based on geographical origin 
with clear separation of Far Eastern accessions which had 
the overall highest genetic diversity when compared with 
accessions from Persia, Turkey, Europe, and the USA. 
Thus, the SSR markers have good potential to provide 
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Despite its popularity and nutritional importance, very 
little research has examined the genetic diversity of 
spinach germplasm. Indeed, a literature search up to 
and including 2016 reveals only six major studies in 
this area. Hu et al. (2007) studied 38 spinach accessions 
and 10 commercial hybrids and demonstrated that tar-
get region amplification polymorphism (TRAP) mark-
ers were useful in determining their genetic diversity. 
However, they were unable to correlate spinach genetic 
diversity with geographical origin. In the same year, 
Khattak et al. (2007) analyzed 33 spinach hybrids using 
13 polymorphic simple sequence repeat (SSR) markers. 
These individuals grouped into three clusters. While two 
clusters contained European spinach cultivars, the third 
cluster was a mixture of European and Asian spinach 
types. Kuwahara et  al. (2014) screened 50 accessions 
from geographically diverse regions with six previously 
described markers (Khattak et  al. 2007). In this study, 
West Asian accessions (from Afghanistan, Iran, Iraq, 
and Syria) had the highest level of diversity. Feng et al. 
(2015) designed pairs of primers for 100 SSRs and 24 
retrotransposons from BAC end sequences, but did not 
use the markers to study genetic diversity. Chitwood 
et  al. (2016) analyzed population structure and genetic 
diversity of 288 accessions with 1733 single nucleotide 
polymorphisms (SNPs) using a genotyping by sequenc-
ing (GBS) approach. Similarly, Ma et  al. (2016) and 
Shi et  al. (2016) determined population structure and/
or genetic diversity of more than 300 spinach accessions 
using GBS-generated SNP data. All three of these most 
recent studies also did association mapping in spinach 
for important traits including bolting, height, leaf mor-
phology, and oxalate concentration (Chitwood et  al. 
2016; Ma et al. 2016; Shi et al. 2016).
The first objective of the present study was to develop 
new SSR markers by sequencing the spinach nuclear 
genome using MiSeq Next Generation Sequencing 
Technology. A draft genome sequence was assembled 
and used to identify SSRs and appropriate primers for 
marker development. SSRs are 1–6 nucleotide long 
genomic repeats and are one of the most informative 
DNA repeats in plant genetic research (Zalapa et  al. 
2012). These sequences are found throughout eukaryotic 
genomes and are highly polymorphic (Park et al. 2009). 
Unlike SNPs which are diallelic, SSRs are often multi-
allelic. Moreover, SSRs do not require sequencing or 
the design of specific assays such as kompetitive allele 
specific PCR (KASP) for genotyping. The second aim 
of this study was to verify the effectiveness of the SSRs 
for studying genetic diversity. Thus, 85 selected primer 
pairs were applied to 48 spinach (Far East, Persia, Tur-
key, Europe, and USA) accessions.
Materials and methods
Plant material and DNA isolation
A total of 48  S. oleracea accessions from 20 countries 
were used as plant material (Table 1). All accessions were 
provided by the United States Department of Agricul-
ture (USDA, Plant Introduction Research Unit, Ames, IA, 
USA). Five seeds from each accession were planted and 
grown in soil containing perlite and natural fertilizer in 
the greenhouse at Izmir Institute of Technology. Genomic 
DNA extraction was performed from the youngest leaves. 
Total DNA was extracted using CTAB extraction buffer 
according to Doyle and Doyle (1990). DNA quality was 
checked by agarose gel electrophoresis with quantification 
done by spectrophotometer (Thermo Scientific, Multiskan 
GO).
DNA sequencing
The spinach cultivar S. oleracea Universal was sequenced 
by next generation sequencing (MiSeq) technology by the 
Biotechnology Center at the University of Wisconsin–Mad-
ison, USA (https://www.biotech.wisc.edu). This technology 
produced 300 nucleotide long, paired-end reads. Further 
information can be found at the SRA database of NCBI 
(SRX2266012).
Data pre‑processing
Adapter and linker sequences were removed from reads 
with cutadapt version 1.8.3 software (Martin 2011). Reads 
that were shorter than 50 nucleotides were removed from 
the dataset using default settings with minimum-length 
switch (−m = 50). Cleaned reads were mapped to the 
human genome using Bowtie version 2.1.0 with default 
settings to remove possible human contaminant sequences 
that may come from sequencing or library preparation steps 
(Langmead and Salzberg 2012).
Sequence assembly
AbySS version 1.3.6, a de novo, parallel, paired-end 
sequence assembler, was used for sequence assembly 
(Simpson et al. 2009). To find the best assembly, more than 
100 runs were performed with different parameters such 
as changing kmer (all possible substrings of length k con-
tained in reads). Various measurements were considered for 
selecting the best assembly: N50 (weighted median of con-
tig lengths), assembly nucleotide length (closeness to the 
estimated size of the S. oleracea genome), length of largest 
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Table 1  Spinach accessions 
used in the study
Subpopulation and cluster assignments according to population structure and genetic diversity analyses are 
presented in the last five columns
† Subpopulation assignment based on the proportion of inferred ancestry with a threshold of 0.60
‡ Cluster assignments based on the neighbor-joining dendrogram
Genotype (accessions) Origin Inferred ancestry 
subpopulation
Subpopulation 
 assignment†
Cluster 
 assignment‡
1 2 3
1 (NSL 6093) United States 0.04 0.87 0.1  2  B
2 (NSL 6094) United States 0.22 0.49 0.29  Admixed  A
3 (NSL 6097) United States 0.14 0.82 0.04  2  B
4 (NSL 6098) United States 0.08 0.82 0.11  2  B
5 (NSL 6782) Netherlands 0.21 0.6 0.19  2  B
6 (NSL 42,771) United States 0.07 0.83 0.1  2  B
7 (NSL 81,329) United States 0.04 0.94 0.02  2  B
8 (NSL 184,379) United States 0.2 0.7 0.1  2  B
9 (PI 103,063) China 0.33 0.17 0.5  Admixed  A
10 (PI 165,504) India 0.8 0.02 0.18  1  A
11 (PI 167,195) Turkey 0.13 0.36 0.51  Admixed  B
12 (PI 169,670) Turkey 0.36 0.19 0.45  Admixed  A
13 (PI 169,671) Turkey 0.2 0.64 0.16  2  B
14 (PI 175,312) India 0.6 0.11 0.29  1  A
15 (PI 175,925) Turkey 0.1 0.22 0.67  3  C
16 (PI 176,372) Italy 0.35 0.19 0.45  Admixed  A
17 (PI 176,773) Turkey 0.54 0.17 0.29  Admixed  A
18 (PI 179,508) Iraq 0.23 0.29 0.48  Admixed  A
19 (PI 179,595) Belgium 0.04 0.56 0.41  Admixed  B
20 (PI 183,246) Egypt 0.1 0.29 0.61  3  A
21 (PI 205,235) Turkey 0.21 0.36 0.43  Admixed  A
22 (PI 206,474) Turkey 0.04 0.29 0.67  3  A
23 (PI 209,646) Turkey 0.29 0.21 0.5  Admixed  A
24 (PI 212,328) Afghanistan 0.24 0.11 0.66  3  A
25 (PI 222,270) Iran 0.1 0.26 0.64  3  A
26 (PI 224,959) Iran 0.03 0.43 0.54  Admixed  A
27 (PI 227,383) Iran 0.35 0.15 0.5  Admixed  A
28 (PI 229,731) Iran 0.16 0.24 0.6  Admixed  B
29 (PI 229,792) Iran 0.25 0.12 0.64  3  A
30 (PI 249,920) Spain 0.02 0.66 0.32  2  B
31 (PI 254,565) Afghanistan 0.28 0.46 0.27  Admixed  B
32 (PI 261,789) France 0.12 0.6 0.28  2  B
33 (PI 266,926) Germany 0.05 0.58 0.37  Admixed  B
34 (PI 358,259) Former Serbia and Montenegro 0.04 0.92 0.04  2  B
35 (PI 360,710) France 0.19 0.65 0.17  2  B
36 (PI 379,552) Former Serbia and Montenegro 0.14 0.52 0.34  Admixed  B
37 (PI 419,004) China 0.72 0.26 0.02  1  A
38 (PI 508,504) South Korea 0.68 0.08 0.24  1  A
39 (PI 531,454) Hungary 0.09 0.8 0.11  2  B
40 (PI 604,778) Japan 0.4 0.18 0.42  Admixed  A
41 (PI 604,780) Japan 0.66 0.27 0.07  1  A
42 (PI 604,787) Afghanistan 0.3 0.43 0.27  Admixed  C
43 (PI 604,790) Afghanıstan 0.44 0.49 0.07  Admixed  B
44 (PI 608,762) Thailand 0.94 0.03 0.03  1  A
45 (PI 648,937) Syria 0.49 0.07 0.45  Admixed  A
46 (PI 648,941) China 0.85 0.08 0.07  1  A
47 (PI 648,955) United States 0.53 0.42 0.05  Admixed  B
48 (PI 648,960) United States 0.87 0.08 0.05  1  A
850 Mol Genet Genomics (2017) 292:847–855
1 3
contig and contig number. The settings that were finally 
chosen to create contigs were the default settings with kmer 
k:175.
SSR detection, annotation, and primer design
Any contig smaller than 1000 nucleotides was removed 
from the dataset. The dataset was then used for SSR detec-
tion with our in-house tool SiSeer (http://bioinformatics.
iyte.edu.tr/index.php?n=Softwares.SiSeeR). The mini-
mum number of repeats required to identify perfect SSRs 
were: ten for mononucleotides, four for dinucleotides, and 
three for motifs that comprised three or more nucleotides. 
Identified SSR sequences were padded with 100 nucleo-
tides and extracted as FASTA sequences. These sequences 
were used as query sequences against the Uniprot non-
redundant plant protein database (Taxonomy = Viridiplan-
tae) with BLASTX version 2.2.30 (Altschul et  al. 1990). 
For all SSRs, primer pairs were designed using Primer3 
(primer_core) version 2.3.6 using the following settings: 
primer task = generic, primer optimum size = 20, primer 
minimum size = 18, primer maximum size = 24, primer 
product size = 100–300, primer minimum TM = 50, primer 
maximum TM = 60, and primer optimum TM = 55.
Validation of genomic SSR markers
Genomic DNA of PI 175312 (accession 14) was used 
for SSR validation using the dye-terminator sequencing 
method. Polymerase chain reaction (PCR) products were 
used as template in the dye-terminator sequencing reaction 
and were purified with the DNA Clean & Concentrator–5 
Kit (Zymo Research). Sequencing reactions were prepared 
using GenomeLab DTCS Quick Start Kit (Beckman Coul-
ter) according to the manufacturer’s instructions. Thermal 
cycling conditions were 30 cycles of 96 °C for 20 s, 50 °C 
for 20  s, 60 °C for 4 min. ZR DNA Sequencing Clean-up 
Kit (Zymo Research) was used to purify the reaction mix-
ture for each SSR amplicon. Products were then suspended 
in 30 μL sample loading solution (Beckman Coulter) and 
run on a Beckman CEQ8800 capillary electrophoresis 
device using the LFR-c method (injection voltage 2.0  kV 
for 10–15 s, separation temperature 60 °C, separation volt-
age 7.4 kV, separation time 45 min).
SSR amplification
SSR amplification for each primer pair was carried out in 
a final volume of 20 µl and contained 2 μl 10X PCR buffer 
(50 mM KCl, 10 mM Tris–HCl, 1.5 mM  MgCl2, pH: 8.3), 
1  μl  MgCl2 (1.5  mM), 0.75  μl dNTP (0.2  mM), 0.75  μl 
each forward and reverse primers (10 pmol), 0.75  μl Taq 
polymerase (0.25 U), 13  μl sterile double-distilled water, 
and 1 μl DNA (10 ng/μl). PCR conditions were 95 °C for 
5 min for one cycle, followed by 35 cycles of 30 s at 94 °C 
for denaturation, 30  s at 55 °C for annealing and 30  s at 
72 °C for extension, and the final extension cycle was at 
72 °C for 10 min. PCR reactions were performed in a Ver-
iti 96-Well Thermal Cycler (Applied Biosystems). PCR 
products were separated using a capillary electrophoresis 
instrument (Fragment Analyzer Automated CE System, 
Advanced Analytical) with the DNF-900 dsDNA Reagent 
Kit (Advanced Analytical); SSR alleles were visualized 
and scored using PROSize 2.0 software version 1.2.1.1 
(Advanced Analytical).
SSR data analysis
SSR alleles were scored for presence (1) or absence (0). 
Average gene diversity (Nei 1973) was calculated depend-
ing on the frequency of the allele for each SSR marker 
using the GDdom online computer program (Abuzayed 
et  al. 2016). This program uses the formula of Roldan-
Ruiz et al. (2000): GDi = 2fi (1—fi). Where GDi is the gene 
diversity of marker ‘i,’ fi is the frequency of the amplified 
allele (band presence), and 1—fi is the frequency of the 
null allele.
Marker data were used to infer population structure of 
the 48 spinach accessions with the Structure computer 
program (Structure 2.3.4 version) (Pritchard et  al. 2000). 
Models with 1–20 subpopulations (K) were tested for ten 
iterations. Burn-in period was 10,000 and the number of 
Monte Carlo Markov Chain repeats was 300,000. Structure 
Harvester computer program (Earl and Von Holdt 2012) 
was used to calculate ΔK values for each model based on 
posterior probabilities. The model with the highest ΔK was 
selected as the best. Inferred ancestry threshold was set as 
≥0.60 to assign the accessions to subpopulations. Acces-
sions with lower probabilities were assigned to the admixed 
group. To study genetic diversity, the binary presence/
absence data were used to generate a dissimilarity matrix 
using the Dice coefficient in the Darwin5 computer pro-
gram (Perrier and Jacquemoud-Collet 2006). The distance 
data were used to construct a dendrogram of the 48 spinach 
accessions using the unweighted neighbor-joining method. 
Principal coordinate analyses (PCoA) based on genetic dis-
tances between accessions was also carried out with Dar-
win5 software.
Discriminant analyses were performed with the SPSS 
22.0 software program for Windows (SPSS Science, Chi-
cago, IL, USA). Differences in the amount of diversity 
between different locations (Europe, Far East, Persia, Tur-
key, and USA) were determined by analysis of variance 
(ANOVA) and Tukey’s HSD (honest significant difference) 
test at P < 0.05.
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Results
Sequence assembly and simple sequence repeat 
identification
The sequencing raw data output consisted of 15,925,882 
reads comprising about 5000  Mb. After cleaning, the 
sequence reads resulted in 4,736  Mb with an average 
sequence length of 297.5 nucleotides. Sequencing qual-
ity was established using FastQC. These sequences were 
assembled using Abyss (Simpson et  al. 2009). Assembly 
fragments longer than 1000 nucleotides were treated as 
contigs and used for further procedures. The total number 
of contigs was 18,545 which encompassed 24.18 Mb, rep-
resenting 2.5% of the spinach genome (Table  S1). These 
contigs were mined for SSRs, resulting in the identification 
of 3,852 SSRs. SSR lengths varied from 6 to 124 nucleo-
tides with an average of 15.4 nucleotides. Among all iden-
tified SSRs, the most frequent type was mononucleotide 
repeats, representing 54.3% of all SSRs. The second most 
common repeat type was dinucleotide repeats, representing 
15.7% of the total. Hexanucleotide repeats were the third 
most common, representing 11.8% of all SSRs (Fig.  1). 
A/T repeats were the most frequent among mononucleotide 
repeats (98.9%). Among dinucleotide repeats, TA was most 
frequently observed (21.8%) followed by AG/CT and GA/
TC repeats (14.4 and 13.7%, respectively) (Table 2).
Primer design and validation
A total of 3275 primer pairs were successfully developed 
for the 3,852 newly identified SSRs. The remaining 577 
SSRs did not have enough flanking sequence to design suit-
able primers. These SSRs were located at the ends or very 
close to the ends of the contigs.
To validate the presence of the expected SSR motifs, six 
amplicons from PI 175,312 (accession 14) were sequenced 
using the dye-terminator method. All six sequences con-
tained the expected SSR motifs, proving the identity of our 
primers as SSR markers (Table S2).
Gene diversity, population structure, and genetic 
diversity analysis
We tested 100 of the designed primers for their amplifica-
tion efficiency using accessions 13, 14, 15, and 16. A total 
of 85 primers (85%) successfully amplified PCR products 
from these four accessions. These 85 SSR primers were 
then applied to 48 spinach accessions from throughout the 
world (Table 1). Turkey, Persia, Europe, the USA, and the 
Far East (China, Japan, South Korea, and Thailand) were 
represented by 8, 12, 10, 9, and 9 accessions, respectively. 
In all, 77 of the primers (91%) produced polymorphic 
bands and generated 389 alleles, 346 of which were poly-
morphic (89%; Table  S3). The average number of ampli-
fied fragments per genomic SSR marker was 4.6. The aver-
age gene diversity value of the markers (based on a GD 
calculation that ranges from 0 to 0.5) was 0.25, with the 
highest value calculated for soSSR2173 (0.49). The lowest 
value was zero for the monomorphic markers: soSSR64, 
soSSR976, soSSR1003, soSSR1016, soSSR1667, 
soSSR1088, soSSR2141, and soSSR2389.
The SSR data were used to study the population struc-
ture and genetic diversity of the 48 spinach accessions. 
According to population structure analysis, the spinach 
accessions fell into three subpopulations (Table  1) with a 
relatively high ΔK value at K = 3 (Figure S1). The stand-
ard deviation (SD) for each value of K is also important 
when deciding the correct number of subpopulations and 
these values supported the choice of K = 3 (Figure S1). 
Fig. 1  Simple sequence repeat types in S. oleracea genome
Table 2  Simple sequence repeat types in the spinach genome
† Motif frequencies are relative to SSR types. Only motifs with a fre-
quency ≥10% are listed
SSR motif Number of SSRs Motif 
frequency 
(%)†
A/T 2072 98.9
TA 132 21.9
AG/CT 87 14.4
GA/TC 83 13.7
ATA/TAT 43 13.2
AAAT/ATTT 9 10.7
TAAA/TTTA 9 10.7
CTTAT/ATAAG 6 15.4
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Subpopulation 1 had eight individuals, subpopulation 2 had 
13 individuals, subpopulation 3 had six individuals, and the 
admixed group had 21 individuals (Table 1).
Principal coordinate analysis (PCoA) of the SSR data 
plotted in the first two dimensions (Fig.  2) showed clear 
separation between the three subpopulations with the 
admixed individuals occupying the space between the three 
groups. The analysis also suggested that subpopulation 1 
was more diverse than the others as it had a wider distribu-
tion in the plot.
A dendrogram was drawn using the Dice coefficient and 
the unweighted neighbor-joining algorithm (Figure S2). A 
strong correlation between the neighbor-joining dendro-
gram and the distance matrix was evident from the Mantel 
test result of r = 0.94. Average pairwise dissimilarity among 
the 48 spinach accessions was 0.24, with the highest value 
(0.37) calculated between accessions PI 179508 (Iraq) and 
PI 165504 (India). The lowest dissimilarity was 0.13, cal-
culated between accessions NSL 184379 (USA) and NSL 
42771 (USA). The spinach accessions were grouped into 
three clusters (A, B, and C) in the dendrogram (Figure S2). 
Cluster A of the neighbor-joining dendrogram included 25 
accessions. Genetic diversity in Cluster A ranged between 
0.16 and 0.37 with an average pairwise dissimilarity of 
0.26 (data not shown). All of the Far East accessions were 
in Cluster (A). Accessions from Persia were generally 
located in Cluster A (67%) with only four found outside 
this cluster. In addition to the eight accessions from Persia, 
Cluster A also contained five from Turkey, two from USA, 
and one from Europe. Cluster B contained 21 accessions, 
generally those from the USA and Europe. Genetic diver-
sity of Cluster B ranged between 0.13 and 0.27 with an 
average pairwise dissimilarity of 0.20 (data not shown). All 
but two accessions from the USA were in Cluster B (78%). 
Similarly, only one accession from Europe fell outside of 
Cluster (B). Cluster B also contained four accessions from 
Persia and three from Turkey. Cluster C had only two 
accessions: one from Persia and one from Turkey.
When the population structure and genetic diversity 
results were compared, there was a 38% overlap of acces-
sions belonging to subpopulation 1 and Cluster A of the 
dendrogram, a 52% overlap in subpopulation 2 and Cluster 
B, and a 50% overlap between subpopulation 3 and Cluster 
C.
Genetic diversity and geographical origin
The spinach accessions were grouped based on origin 
in order to compare the average diversity (based on the 
Dice coefficient) of material from different geographi-
cal regions. According to Tukey’s HSD test, there was no 
significant difference between diversity of the European 
and USA accessions which had average values of 0.19 and 
0.20, respectively (Table 3). The Persian, Turkish, and Far 
Fig. 2  PCoA for the three 
subpopulations of spinach. Sub-
population 1, subpopulation 2, 
subpopulation 3, and admixed 
are shown in purple, orange, 
red, and green, respectively
853Mol Genet Genomics (2017) 292:847–855 
1 3
Eastern accessions had significantly higher diversity than 
those from Europe and the USA with average diversities 
ranging from 0.24 to 0.26. Different amounts of genetic 
diversity in the material from different origins were also 
evident in PCoA analysis (Fig. 3). Accessions from Europe 
and USA were more tightly grouped than those from Per-
sia, Turkey, and the Far East. The US and European acces-
sions overlapped with each other and with accessions from 
Persia and Turkey. Those from the Far East were widely 
spread and only overlapped with accessions from Persia. 
Persian and Turkish accessions were fairly well-distributed 
and occupied very similar locations in the plot.
Discussion
NGS technology is widely used to develop SSR mark-
ers for non-model organisms. It is more cost-effective and 
faster than Sanger sequencing and also does not require 
SSR enrichment (Zalapa et  al. 2012). In previous work, 
NGS was used to obtain approximately 50% coverage of 
the spinach cv. Viroflay genome (Dohm et al. 2014). These 
sequencing data were used for gene prediction in the spe-
cies (Minoche et al. 2015; Yang et al. 2016) as well as for 
SNP and SSR identification (Yang et  al. 2016). However, 
none of the 57,519 SSRs for which primers were designed 
were tested (Yang et  al. 2016). Indeed, before NGS 
sequencing, only 113 spinach-specific SSR markers had 
been published with only 13 SSR markers used for genetic 
diversity analysis (Khattak et  al. 2006, 2007; Feng et  al. 
2015). Thus, the goal of the present work was to develop 
and test additional SSR markers for use in diversity stud-
ies and breeding of spinach and closely related species. 
We obtained a draft genome assembly covering 2.5% of 
the estimated 980  Mb spinach genome through NGS and 
identified 3,852 non-redundant SSR markers. Thus, one 
SSR marker was detected every 6.3 Kb (on average) in the 
24  Mb of contigs. Although Yang et  al. (2016) identified 
many more SSRs in their analysis of the spinach genome 
sequence (Dohm et  al. 2014), they did not provide fre-
quency statistics. However, our results are consistent with 
those of Cardle et al. (2000) who identified one SSR every 
6.8 Kb in genomic DNA for many plant species.
Among the 3,852 SSRs, the most frequent were mono-
nucleotide repeats, representing 54.3% of all SSRs. Dinu-
cleotides ranked second and represented 15.7% of all SSRs. 
Our results are in agreement with Yang et al. (2016) who 
studied spinach and Cardle et al. (2000) who reported that 
mononucleotide repeats are the most abundant repeats 
in several plant genomes. Among mononucleotides, A/T 
repeats were the most frequent (98.9%) with TA repeats 
(21.9%) the most common for dinucleotides. Among tri-
nucleotides, ATA/TAT repeats were the most frequent 
(13.2%). In this study, AT-rich repeats were the most com-
mon repeat type especially for mononucleotides, dinu-
cleotides, and trinucleotides. These findings are in agree-
ment with Yang et al. (2016) and Cardle et al. (2000) who 
showed that A/T repeats and TA repeats are the most com-
mon repeat type for mononucleotides and dinucleotides, 
respectively.
In our study, the newly developed SSR markers revealed 
geographical clustering among spinach accessions from 
different origins. In a previous study that used 48 acces-
sions, spinach germplasm did not show tight clustering 
based on geographically proximity (Hu et al. 2007). How-
ever, Khattak et  al. (2007) found clustering of European 
spinach germplasm according to breeding station source. 
Kuwahara et al. (2014) were also successful in correlating 
geographical origin and genetic diversity of spinach sam-
ples collected from diverse locations.
It is believed that spinach originated in Persia (Boswell 
1949). As expected, Persian accessions had relatively high 
genetic diversity. In the dendrogram, accessions from Per-
sia mostly grouped together in Cluster A near to those 
from Turkey. Similar results were observed in the PCoA 
in which the Persian and Turkish accessions overlapped. 
This is not surprising because, compared to the other sam-
pled regions, Persia and Turkey are geographically close. 
In addition, Anatolia and Persia have had active commer-
cial trade throughout history. Therefore, it is reasonable 
to expect that the two regions have similar spinach germ-
plasm and levels of diversity. Accessions from the Far 
East also fell into Cluster A of the dendrogram with most 
of the other Asian accessions. Interestingly, these acces-
sions were tightly clustered in the dendrogram and yet were 
highly diverse and showed very little overlap with other 
material in the PCoA. Indeed, the only significant overlap 
was with accessions from Persia, the most likely source of 
spinach in the Far East. The Far Eastern accessions prob-
ably had tight grouping and little coincidence with other 
genetic material because access to this region is restricted 
by the Gobi Desert in Mongolia and the Himalayas in 
Table 3  Mean Dice coefficient genetic dissimilarity values for spin-
ach accessions with different geographical origins
† The means ± SE followed by the same letter are not significantly dif-
ferent at P < 0.05 as determined by Tukey’s HSD. SE Standard error
Location No. individu-
als
Mean ± SE † Min–Max 
pairwise dis-
similarity
Europe 10 0.19 ± 0.03a 0.15–0.26
USA 9 0.20 ± 0.04a 0.12–0.27
Persia 12 0.24 ± 0.03b 0.16–0.34
Turkey 8 0.25 ± 0.03bc 0.20–0.31
Far East 9 0.26 ± 0.03c 0.18–0.33
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India. The relatively high genetic diversity in the material 
may be explained by adoption of a wider variety of spinach 
genotypes than in the USA or Europe, where spinach is a 
very minor crop. Most accessions from the USA grouped 
closely together in the dendrogram and were found in the 
same cluster as most of the European and a few Persian 
accessions in the two-dimensional PCoA. This is expected 
because accession in the USA probably originated in 
Europe. European accessions were intermixed with some 
Persian and Turkish accessions. This result is not a surprise 
because spinach reached Europe from Persia via Anato-
lia. Turkish spinach germplasm did not demonstrate tight 
grouping. They were spread throughout the dendrogram, 
and often associated with Persian accessions. Overall, the 
results showed that Turkish spinach has high genetic diver-
sity compared to material from Europe and the USA.
In conclusion, our results demonstrated that the newly 
developed SSR markers are suitable for assessing genetic 
diversity and population structure of spinach germplasm. 
The study supports the proposed distribution route for 
spinach from Persia to Asia and from Persia to Europe via 
Turkey and then to America. Moreover, the SSR markers 
revealed that Far Eastern accessions may be an interest-
ing source of new variability for spinach. Thus, the newly 
developed and tested SSR markers will provide valuable 
information for spinach breeding and germplasm manage-
ment and will be helpful for genome mapping and core col-
lection establishment.
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